In the present study, administration of green tea to SKH-1 mice, via the drinking fluid, was found to significantly reduce the incidence and volume of ultraviolet B (UVB) radiation-induced skin tumors. Thirty-six skin tumors induced by UVB and 32 skin tumors induced by UVB, in mice treated with green tea in their drinking water, were collected and examined for the presence of mutations in the p53 gene. Polymerase chain reaction products from p53 exons 5-8 were screened by singlestrand conformation polymorphism and direct sequence analyses. Eight of 36 UVB-induced tumors contained nine p53 mutations, with four in exon 5 and five in exon 8. In contrast, nine of 32 UVB-induced tumors in mice treated with green tea contained 11 p53 mutations, with two in exon 5, five in exon 6 and four in exon 8. All of the p53 mutations occurred at dipyrimidine sequences. These results were further corroborated by p53 immunohistochemistry. The most frequent mutations were C→T or T→C transitions, which are consistent with the genetic alterations caused by UVB exposure. Interestingly, mutations found in exon 6 of the p53 gene occurred only in tumors from the UVB/green tea group. Thus, the tumors observed in UVB/green-tea-treated mice have a different exon distribution of p53 mutations than tumors obtained from mice treated with UVB alone.
Introduction
Green tea is a potent dietary chemopreventive agent against tumorigenesis in skin, lung, forestomach, esophagus, liver, colon and mammary glands as shown in laboratory animals (1) (2) (3) (4) . Major functional components of green tea are flavanols (also called catechins) such as (-)-epicatechin (EC*),(-)-epicatechin-3-gallate (ECG), (-)-epigallocatechin (EGC), (-)-epigallocatechin-3-gallate (EGCG), (ϩ)-gallocatechin and (ϩ)-catechin (1) (2) (3) (4) . The biological activities of these polyphenols include: (i) antioxidation; (ii) modulation of enzyme systems for metabolizing chemical carcinogens; (iii) inhibition of nitrosation reactions; (iv) scavenging of *Abbreviations: CDK, cyclin-dependent kinase; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-gallate; EGC, (-)-epigallocatechin; EGCG, (-)-epigallocatechin-3-gallate; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; SSCP, single-strand conformation polymorphism; UVB, ultraviolet B. activated metabolites of chemical carcinogens; and (v) inhibition of tumor promotion (1) (2) (3) (4) .
In mouse skin, green tea or green tea components, given either topically or orally, has been shown to inhibit both chemical carcinogen-and ultraviolet radiation-induced tumorigenesis (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Green tea was also found to inhibit the growth or cause regression of established benign tumors, which suggests that it may be preventive against all stages of mouse skin carcinogenesis including initiation, promotion and progression (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
One of the key genetic changes during ultraviolet B (UVB) radiation-induced mouse skin carcinogenesis is the inactivation of the p53 tumor suppressor gene (15, 16) . Missense mutations of the p53 gene were detected in~20% of UVB radiationinduced squamous cell carcinomas of mouse skin (15, 16) . All mutations were located at dipyrimidine sequences as mainly C→T or CC→TT transitions, which are consistent with the specificity of UV radiation-induced DNA damage (15, 16) . Wild-type p53 protein induces expression of p21 CIP1/WAF1 , a universal inhibitor that inhibits phosphorylation of the Rb protein by cyclin-dependent kinase (CDK) complexes, in turn leading to G 1 arrest of the cell cycle in response to DNA damage (17, 18) . p53-dependent apoptosis can be induced by ionizing radiation as well as some cancer chemotherapeutic drugs, and their effect may eliminate initiated cells (17, 18) . Therefore, loss of wild-type p53 protein by missense mutations may play an important role in UVB radiation-induced mouse skin carcinogenesis.
The purpose of this study was to identify possible mechanism(s) of the chemopreventive effect of tea by comparing the p53 mutation distributions in mouse skin tumors induced by UVB radiation in animals given green tea to that of comparable tumors formed in animals that were only exposed to UVB radiation.
Materials and methods

Induction of epidermal tumors and green tea treatment
The details of the experimental procedure used for tumor induction by chronic UVB radiation in SKH-1 mice and for treatment by green tea extract have been reported previously (10) . In the present study, female SKH-1 hairless mice (6-8 weeks old) were purchased from Charles River Laboratories (Kingston, NY). The animals were kept in the animal facility for at least 1 week before use. Mice were given water, lyophilized green tea (3 or 9 mg tea solids/ml), and Purina Laboratory Chow 5001 diet ad libitum (RalstonPurina, St Louis, MO) and exposed to a 12 h light-dark cycle. The mice were treated with UVB (30 mJ/cm 2 ) twice a week for 35 weeks, and were killed 4 weeks later. Mice were divided into three groups: 28 mice were exposed to UVB alone, and two groups of mice were administered lyophilized green tea at doses of 3 mg tea solids/ml (28 mice) or 9 mg tea solids/ml (29 mice) as the sole source of drinking fluid from 2 weeks before the start of UVB treatment until the animals were killed. The green tea was gradually increased to full strength during the first week of administration. A portion of each tumor that was Ͼ5 mm (diameter) was fixed in 10% neutral buffered formalin, and examined histopathologically. Another portion of each tumor was frozen in liquid nitrogen for later examination of p53 mutations. Thirty-one squamous cell carcinomas, three keratoacanthomas and two basal cell carcinomas were studied for p53 mutations in the UVB group, and 26 squamous cell carcinomas, five keratoacanthomas and one basal cell carcinoma were studied for p53 mutations in UVB/green tea group (3 mg tea solids/ml).
Immunohistochemistry
Fixed frozen sections were hydrated in phosphate-buffered saline (PBS). Endogenous peroxidase activity was quenched by a 20 min incubation in 0.1% hydrogen peroxide. Sections were then incubated in normal goat serum for 20 min to prevent non-specific interactions. p53 immunocomplex was generated by overnight incubation with a 1:80 dilution of CM5 mouse polyclonal antibody (Novocastra Laboratories, UK). This antibody detects both wild-type and mutant p53 protein. The immunocomplex was detected by a 45 min incubation with biotinylated anti-rabbit antibody followed by a 30 min incubation with avidin-biotin peroxidase complex. Positive staining was visualized by reaction of the enzyme complex with diaminobenzidine (Vector Laboratories, Burlingame, CA). Nuclei were counterstained with hematoxylin. Staining was restricted to tumor cells and absent when CM5 antibody was omitted.
Polymerase chain reaction (PCR)-single-strand conformation polymorphism (SSCP) analysis and sequencing of the murine p53
gene DNA samples, isolated from a total of 36 epidermal tumors induced by UVB radiation and 32 epidermal tumors induced by UVB radiation ϩ green tea (3 mg tea solids/ml) in the drinking water, were subjected to 35 cycles of PCR amplification using mouse-specific intronic primers for exons 5-8 inclusive of the p53 gene as listed in Table I . Each amplification cycle consisted of 94°C for 1 min, 60°C for 1 min and 72°C for 1 min. After purification of PCR products by the Qiagen (Chatsworth, CA) method, PCR products were analyzed twice on non-denaturing 15% polyacrylamide gels. Electrophoresis was performed at 4°C for 24-30 h. DNA from p53 SSCP band shifts was eluted and re-amplified in a volume of 100 µl, using the same primers as for the initial amplification. After Qiagen purification, the fragments were sequenced in both directions using the same primers for SSCP analysis, as described by Goodrow et al. (19, Table I ).
Results
Oral administration of green tea markedly inhibited complete UVB-induced carcinogenesis in SKH-1 mice. As shown in Table II , the multiplicity of skin tumors in the UVB treatment group was 8.9 tumors/mouse, and tumor volume per mouse was 351 Ϯ 84 mm 3 . In contrast, the number of skin tumors per mouse was 5.8 tumors/mouse (P Ͻ 0.05) in the UVB/ green tea group A (3 mg tea solids/ml) and 0.5 tumors/mouse (P Ͻ 0.001) in UVB/green tea group B (9 mg tea solids/ml), with tumor volumes per mouse of 178 Ϯ 68 mm 3 /mouse (group A; P Ͻ 0.05) and 9 Ϯ 7 mm 3 /mouse (group B; P Ͻ 0.001), respectively. Histopathology studies indicated that administration of green tea also decreased the number of UVB-induced large carcinomas (Ͼ5 mm diameter; Table II) . Most of these histologically characterized tumors were then studied for p53 mutations. Immunohistochemical analysis of p53 protein accumulation 1258 was conducted on all tumor and control samples. Figure  1 shows a representative result of p53 immunostaining of squamous cell carcinomas. A tumor was positive for p53 accumulation if, at minimum, focal nuclear staining was present. By this definition, 23 of the 68 tumors examined were positive and 45 were negative. There was no major difference in p53 accumulation between treatment groups with (12/32) or without (11/36) green tea. Although all tumors with a mutation or mutations of the p53 gene showed positive immunostaining, p53 mutations (eight tumors from the UVB group and nine tumors from the UVB/green tea groups) detected in tumor DNA occurred less frequently than positive immunostaining, suggesting that p53 sequence analysis of tumor DNA resulted in an underestimation of p53 mutation frequency. This may be because p53 mutations in some tumors may have occurred in exons that were not examined or may have been missed by the SSCP analysis, which was only performed under a single gel condition. Another possibility is that the p53 immunopositivity in some samples was not caused by p53 gene mutation. p53 genes in 36 SKH-1 mouse skin tumors induced by UVB radiation and 32 SKH-1 mouse skin tumors induced by UVB radiation, in mice treated with green tea, were examined for mutations in four highly conserved exons where mutations most often occur (exons 5-8) by PCR-SSCP-direct sequence analysis. DNA from all 68 tumors was amplified by PCR with primers listed in Table I and screened for non-wildtype mobility shifts by SSCP analysis (Figure 2) . Eight of 36 UVB-and nine of 32 UVB/green-tea-induced tumors appeared to have mobility shifts. No mobility shift was found at exons 5-8 from 10 normal skin tissues adjacent to skin tumors (five from UVB-radiation-treated animals and five from UVB/greentea-treated animals). The mouse skin tumors that tested positive in the PCR-SSCP assay were then sequenced to identify the p53 mutations. Representative autoradiograms of sequence analysis are shown in Figure 3 . In UVB radiation-induced mouse skin tumors, nine inactivating mutations of the p53 gene were identified in eight tumors, with four in exon 5 (two CCC→TCC transitions at codon 174, one CAC→CAT transitions at codon 175 and one CAT→TAT transition at codon 176) and five in exon 8 (one TTT→TCT transition at codon 267, three CCT→CTT transitions at codon 275 and one GAA→AAA transition at codon 283). One of the UVBinduced tumors had a CC-TT double mutation, which resulted in the observed mutations at both codon 175 and codon 176 ( Figure 3, panel 3 ). In contrast, 11 p53 mutations were identified in nine tumors from mice treated with UVB and green tea. Two mutations were in exon 5 (one CAG→TAG transition at codon 133 and one CAT→AAT transversion at codon 176), five in exon 6 (three CCT→CTT transitions at codon 187 and two CTT→CCT transition at codon 191) and four in exon 8 (one CCT→CTT transition at codon 275, one CCT→TCT transition at codon 275, one TGC→TAC transition at codon 293 and one CCC→CCT transition at codon 297). Two of the UVB/green-tea-induced tumors had double mutations: one of the tumors contained mutations at both codon 187 and codon 191, and the other had mutations at both codon 133 and codon 187 ( Figure 3 ). As shown in Table III , the p53 mutation distribution of UVB radiation-induced tumors appears to be different from that of UVB/green tea associated tumors. Only one tumor from animals treated with UVB ϩ green tea has the same type of mutation at the same location as observed in animals treated with UVB alone. In addition, none of the eight tumors with a mutation obtained from animals treated with UVB alone had a mutation in exon 6, whereas four of the nine tumors with a mutation obtained from animals treated with UVB and green tea had a mutation in exon 6.
Discussion
In the present study, oral administration of green tea was found to protect mouse skin against UVB radiation-induced carcinogenesis. This observation is consistent with published reports that oral administration of green tea or a green tea polyphenol fraction significantly reduces the incidence, multiplicity and volume of UVB-induced tumors (5, 10, 11) . Histopathology studies revealed that administration of green tea inhibited the formation of UVB-induced squamous cell carcinomas (10, 11) . In addition, p53 mutations were found in 22% of UVB-induced mouse skin tumors and in 28% of skin tumors in the UVB/green-tea-treated group. The frequency of p53 mutations found in the two groups of tumors is very similar. However, the p53 mutation distribution observed in UVB/green-tea-induced mouse skin tumors differs from that seen in UVB-induced mouse skin tumors. As shown in Table  III , only one (CCT→CTT at codon 275) of 11 p53 mutations found in UVB/green-tea-induced tumors is identical to any of the nine p53 mutations in UVB-tumors. In UVB-induced mouse skin tumors, 44% of the p53 mutations were detected in exon 5, none were found in exon 6 and 56% were found in exon 8, while in UVB/green-tea-induced mouse skin tumors, only 18% of the p53 mutations were in exon 5, 46% were in exon 6 and 36% were in exon 8 (Table III) . The unique exon 6 mutation of the p53 gene found in the UVB/green-teaassociated mouse skin tumors indicates that green tea could change or select the distribution of p53 mutations induced by Thirty-one squamous cell carcinomas, three keratoacanthomas and two basal cell carcinomas were studied for p53 mutations in the UVB group, and 26 squamous cell carcinomas, five keratoacanthomas and one basal cell carcinoma were studied for p53 mutations in UVB/green tea group (3 mg tea solids/ml). a Squamous cell carcinoma. b Keratoacanthoma. c Basal cell carcinoma.
UVB. However, the possibility that the observed exon 6 mutations in UVB/green tea group could result from various trivial issues, such as random chance and sensitivity of the SSCP analysis, cannot be excluded.
The mutations found in the p53 gene from both the UVBand UVB/green-tea-induced mouse skin tumors were primarily CC→TT double-base substitutions and C→T singlebase substitutions at dipyrimidine sites, both of which are often associated with exposure to UV radiation (20) (21) (22) (23) (24) . The reactive oxygen species produced by UV radiation causes mutations in DNA through the formation of a cyclobutanepyrimidine dimer, pyrimidine-pyrimidone, thymine glycol, 5-hydroxymethyl-2Ј-deoxyuridine or 8-hydroxy-2Ј-deoxyguanosine (25) (26) (27) (28) (29) (30) (31) (32) . Since most of the polyphenolic compounds found in green tea are potent antioxidants, and many known antioxidants inhibit UV radiation-induced carcinogenesis, the antioxidant activity of green tea probably plays a role in the observed chemopreventive effect on UV-induced mouse skin carcinogenesis (5) . Recent studies, however, indicate that decaffeinated green tea lost its effectiveness as an inhibitor of UVB-induced complete carcinogenesis, and that caffeine is a good inhibitor of UVB-induced complete carcinogenesis (M.T.Huang and A.H.Conney, unpublished data). The role of caffeine (contained in green tea) in causing the effects observed here is not known. The antioxidants from green tea could prevent genetic damage such as p53 mutations associated with UV radiation-generated H 2 O 2 and oxygen free radicals by scavenging H 2 O 2 and superoxide anion.
Several possible mechanisms for the effect of green tea on p53 mutation distribution in UVB-induced tumors can be postulated. One hypothesis is that green tea administration may alter the profile of epidermal free radicals formed from UVB. The altered profile of free radicals may result in an altered distribution of p53 mutations in tumors formed in animals treated with UVB/green tea. Recent studies have indicated that most mutant p53 proteins found in tumors acted in a dominant-negative or 'gain of function' fashion, and the degree of such dominance for each mutant p53 protein was different (33) (34) (35) (36) . One possible result from the change in p53 mutation distribution is that green tea may select less transforming p53 mutants and, thus, prevent UVB radiationinduced mouse skin carcinogenesis. Additional evidence to substantiate this hypothesis can be obtained by testing the transforming potential of different p53 mutants detected in UVB-and UVB/green-tea-induced skin tumors. Other possible mechanisms for the effect of green tea altering the profile of p53 mutations in UVB-induced tumors include (i) green tea administration may alter the repair of UVB-induced DNA lesions in the p53 gene in ways that alter the UVB-induced mutation distribution and (ii) green tea may interact with DNA or nuclear protein to selectively alter the accessibility of UVBinduced free radicals in ways that alter the profile of mutations in the p53 gene. The exact molecular mechanism of how green tea modulates the p53 mutation spectrum during UVB radiation-induced mouse skin carcinogenesis is not clear at present.
